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Dictyostelium discoideum Ax2 produces both L-erythro-tetrahydrobiopterin (BH4) and its stereoiso-
mer D-threo-BH4 (DH4). The putative cofactor function of them for phenylalanine hydroxylase (PAH)
was investigated through genetic manipulation and quantitative determination of pteridines. In
addition to establishing that dihydropteridine reductase (DHPR) and dihydrofolate reductase
(DHFR) constitute the regeneration pathway of both BH4 and DH4, the results suggested that BH4
is a preferential cofactor for PAH in vivo, not a secondary product of DH4, which functions mainly
as an antioxidant. Our result also demonstrated that PAH may be essential for Dictyostelium growth
in nature, and thus it appears that the organism has evolved a strategy to maintain BH4 level via
regeneration pathway at the expense of DH4 under oxidative stress conditions.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction els in animal cells [5]. A mutant Dictyostelium created to produceL-Erythro-tetrahydrobiopterin (BH4) is a multifunctional mole-
cule acting as an antioxidant as well as a cofactor for aromatic ami-
no acid hydroxylases and nitric oxide synthases in mammals [1,2].
The regeneration pathway of BH4 is also well established. During
hydroxylation of aromatic amino acids BH4 is converted to 4a-
carbinolamine tetrahydrobiopterin, which is regenerated to BH4
via quinoid-dihydrobiopterin (q-BH2) by consecutive actions of
pterin carbinolamine dehydratase (PCD) and dihydropteridine
reductase (DHPR; EC 1.5.1.34). BH4 is also oxidized to q-BH2 by
reactive oxygen species (ROS). Because q-BH2 is unstable, it is tau-
tomerized to 7,8-dihydrobiopterin (BH2) and then recycled to BH4
by dihydrofolate reductase (DHFR; EC 1.5.1.3). As is well-known,
mammalian cells accumulate BH2 when impaired in the regenera-
tion enzymes or exposed to oxidative stress, signifying the role of
regeneration pathway in cellular BH4 homeostasis [3].
Curiously, a social amoebae Dictyostelium discoideum Ax2
produces not only BH4 but also its stereoisomer D-threo-BH4
(tetrahydrodictyopterin, DH4) [4]. Their total intracellular concen-
tration is at least two orders of magnitude higher than the BH4 lev-chemical Societies. Published by E
; q-BH2, quinoid-dihydrobi-
ictyopterin (D-threo-tetrahy-
quinoid-dihydrodictyopterin;
te reductase; PAH, phenylal-diminished amounts of the tetrahydropteridines was susceptible
to oxidative stress, suggesting an antioxidant function of them
[6]. Because the amount of BH4 is less than 10% of DH4, BH4 might
be considered a subsidiary product of DH4. According to the bio-
synthetic pathway of them [5], however, BH4 is not derived from
DH4. Furthermore, BH4 level was found to increase transiently
during an early stage of development, while DH4 level was dimin-
ished progressively [7]. As the sole BH4-dependent enzyme in the
organism, phenylalanine hydroxylase (PAH; EC 1.14.16.1) homolog
was also found in the deduced genome sequence of Dictyostelium.
Therefore, it was suggested that BH4 may play a speciﬁc role as a
cofactor for PAH, while DH4 functions mainly as an antioxidant
[7]. In contrast to our expectation, it was reported recently that
the recombinant protein of Dictyostelium PAH expressed in Esche-
richia coli was active with either BH4 or DH4 as a cofactor [8].
Therefore, it remains a question why Dictyostelium produces BH4,
if it shares a common role with DH4 in vivo. Using a DHPR knock-
out mutant, we investigated the putative cofactor function of BH4
in Dictyostelium and report here the results.
2. Materials and methods
2.1. Cell growth and development
D. discoideum Ax2 cells were obtained from Tsukuba University.
If not otherwise stated, the cells were grown at 22 C in HL5 med-
ium (15.4 g glucose, 7.15 g yeast extract, 14.3 g protease peptone,lsevier B.V. All rights reserved.
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100 lg/ml streptomycin sulfate and 100 U/ml benzylpenicillin
potassium [9]. Dictyostelium cells were also grown in a chemically
deﬁned FM medium, containing only amino acids, salts, trace met-
als, vitamins, and glucose [10].
For developmental growth, cells growing exponentially in axe-
nic HL5 (2–3  106 cells/ml) were harvested by centrifugation at
350g for 3 min, resuspended in cold 12 mM phosphate buffer,
pH 6.5 (PB), and washed three times. Finally, the cell suspension
was adjusted to a density of 1  108 cells/ml and deposited for
24 h onto a Whatman #50 ﬁlter paper, which was placed on a
non-nutrient agar plate containing PB.
2.2. Spore viability assay
Two days after fruiting bodies appeared, spores were harvested
by banging the inverted plates on the bench and collected with
cold PB. The spore suspension was adjusted to 1  104 cells/ml.
An aliquot of a hundred spores was incubated with 1 ml E. coli at
37C for 30 min to germinate and then spread on a nutrient agar
plate [11]. After incubation for 3 days at 22 C, plaques were
counted as viable spores.
2.3. Creation of DHPR knockout mutant (DHPR)
The knockoutmutantwas created by insertionalmutagenesis. To
makeadisruptionconstruct forDictyosteliumDHPR (DicDHPR)gene,
the DNA sequence spanning exon 2 was ampliﬁed into two parts by
PCR using two primer pairs (upper forward, TAGGTGGAT CAGG
TGCTTTAGGTGCTGAAGT; upper reverse, GGATCCTTGCTAAA TCT
TTAATAATGTGATGAGTTGCTGCT; lower forward, AAGCTTGATG AT
TGGACACCACTCTCTGAAGTCGC; lower reverse, ATCAA TCTT
CCTCCTCTTCCTCCTCCACCT). The ampliﬁed DNA fragments were
cloned separately into pGEM-T vectors. The upper fragment was di-
gestedwithNotI/BamHI and the lowerwith EcoRI. Theywere ligated
with the 1.2 kb blasticidin resistance gene (bsr) cassette, which was
previously digested from pUCBsrDBam plasmid [12] with BamHI/
HindIII. The ligated DNA, in which the bsr cassette is positioned be-
tween the upper and the lower fragments, was ampliﬁed by PCR
using the upper forward and the lower reverse primers. The ampli-
ﬁed DNA was used for transformation of Dictyostelium.
Transformation was performed with S phase synchronized
method [13]. Cells were synchronized in S phase by incubation at
9.6 C for 14 h followed by incubation at 22 C for 2.5 h at a density
of 1.0  106 cells/ml in HL5 medium. Cells were harvested by cen-
trifugation at 350g for 3 min and resuspended in electroporation
buffer (10 mM NaPO4, 50 mM sucrose, pH 6.1) at a density of
5  107 cells/ml. A 500 ll aliquot of the cell suspension was mixed
with 10 lg of DNA and electroporated with a Transfector 800 (BTX)
(0.85 kV, 2 times). After being left on ice for 5 min, cells were trans-
ferred to Petri dish containing 20 ml of HL5 medium and incubated
at 22 C for 24 h. The medium was supplemented with 0.4 lg of
blasticidin S and changed every 3 days. Alive clones in the selection
mediumwere isolated between 7 and 10 days. Colonial selection of
transformant was accomplished by plating the cells on 5LP agar
(0.5% lactose and 0.5% Difco peptone with 1.5% agar) with E. coli
BL21(DE3). The colony cells were ﬁnally inoculated into Petri dish
containing 20 ml of HL5.
2.4. Extrachromosomal overexpression of PAH gene in DHPR knockout
mutant (DHPR[PAH+])
The Dictyostelium PAH (DicPAH) cDNA was prepared from the
total RNA, which was extracted from vegetative cells by using
TRI reagent (Molecular Research Center. Inc). cDNA was prepared
from 2 lg of total RNA by using QIAGEN One Step RT–PCR Kit (QIA-GEN). The ORF sequence of DicPAH was ampliﬁed by PCR from the
cDNA using the primer pair (GGTACCATGGAATCTAACACAAATTCT-
CAAG and GGATCCTTAAGCTTTAAGTTTTGAAATTGCA). The ampli-
ﬁed DNA was cloned into a pGEM-T vector and subsequently
cloned into PV18 as a KpnI/BamHI restriction fragment. The plas-
mid was transformed into DHPR. PCR ampliﬁcations were per-
formed with Pfu polymerase (Promega) in 1 reaction buffer,
1.5 mM MgCl2, 200 lM dNTPs, 0.2 lM each of primer pairs, and
templates, under the following conditions: 4 min at 95 C, followed
by 30 cycles of 94 C for 45 s, 57 C for 1 min, and 72 C for 1 min,
and a ﬁnal polymerization at 72 C for 10 min. DNA sequences
were conﬁrmed by sequencing.
2.5. Enzyme assays
DHPR and DHFR activities were measured in the cell lysate,
which was prepared by three times of freezing and thawing cells
in 10 mM Tris–HCl (pH 7.5), followed by centrifugation for 10 min.
DHPR activity was assayed by monitoring the oxidation of
NADH during the reduction of quinonoid isomer to tetrahydropter-
in [14]. The assay mixture contained 0.004% H2O2, 0.15 mM NADH,
5 units peroxidase, 1 mM BH4 or DH4, and reaction buffer (50 mM
Tris–HCl, pH 7.5) in a ﬁnal volume of 630 ll. The reaction was ini-
tiated by adding the substrate, and then incubated for 5 min at
25 C. The absorbance of the samples and blanks (without enzyme)
was measured at 340 nm. Subsequently, 70 ll of puriﬁed enzyme
was added and the absorbance was measured at the same wave-
length. The consumption of NADH was measured against corre-
sponding blanks at 340 nm for 5 min.
DHFR activity was assayed with cell lysate incubated with
50 lM dihydrofolate and 200 lM NADPH in a 100 mM potassium
phosphate buffer (pH 7.4) containing 1 mM DTT, 0.5 mM KCl,
1 mM EDTA and 20 mM sodium ascorbate for 20 min at 37 C
[15]. The reaction was terminated by addition of 0.2 M trichloro-
acetic acid and then the product tetrahydrofolate (THF) was stabi-
lized by addition of stabilization solution (200 mg of sodium
ascorbate and 30 mg of DTT in 1 ml of water, 1:10 dilution for
the ﬁnal working solution). HPLC was performed in a C18 column
(Inertsil ODS-3, 5 lm, 150  2.3 mm, GL Science, Japan) at a con-
stant ﬂow rate of 1 ml min1. THF was eluted isocratically with
5 mM potassium phosphate (pH 2.3) containing 7% acetonitrile
and monitored at 295 m/365 nm (ex/em).
2.6. Pteridine analysis
An enzymatic method using UDP-glucose:BH4 glucosyltransfer-
ase (BGluT)was employed to determineoxidized and reduced forms
of biopterin [16]. Reactions were carried out in a ﬁnal volume of
100 ll, containing 50 mM Tris–HCl (pH 7.5), 10 mM MgCl2, 0.05%
ascorbic acid, 500 lM UDP-glucose, 5 lg of BGluT, and 10 ll of cell
lysate. The reaction mixture was incubated for 10 min at 37 C and
then mixed with 30 ll of acidic iodine solution (2% KI/1% I2 in 1 M
HCl). After 1 h in thedark at roomtemperature, themixturewas cen-
trifuged to removeproteinprecipitate. The supernatant (125 ll)was
mixed with 10 ll of 5% ascorbic acid and injected for HPLC.
The reduced and oxidized forms of dictyopterin were deter-
mined by the differential oxidation method [17]. Total dictyopterin
was determined from oxidation at acid pH and the tetrahydro form
was determined from oxidation at alkaline pH. 10 ll of cell lysate
was dissolved in 50 mM Tris–HCl (pH 7.5) to make a total volume
of 100 ll and mixed with 30 ll of acidic or basic iodine solution
(2%KI/1% I2 in 1 M NaOH). The same procedure, as described above,
was followed to prepare samples for HPLC analysis.
HPLC was performed in a Inertsil ODS-3 column at a ﬂow rate of
1.2 ml min1. Pteridines were eluted isocratically with 10 mM so-
dium phosphate (pH 6.0) and monitored at 350 m/450 nm (ex/
H.L. Kim et al. / FEBS Letters 585 (2011) 3047–3051 3049em). Authentic pteridines were purchased from Dr. Schircks Labo-
ratories (Jona, Switzerland).
2.7. Miscellaneous methods
Protein was measured by the Bradford method using bovine
serum albumin as a standard. Unless stated otherwise, data were
obtained from at least three independent experiments and de-
scribed as mean ± SD values.
3. Results
3.1. Creation and characterization of the DHPR mutant
The DicDHPR gene consisting of two exons was disrupted by
homologous recombination using a knockout vector containing
bsr cassette in the middle of the exon 2. The transformant was
identiﬁed by PCR ampliﬁcation of a 1.4 kb DNA fragment harboring
bsr insert in the DHPR gene (Fig. 1A). DHPR activity was not de-
tected in the cell extract of DHPR, whereas the activity was appar-
ent in the wild type (WT) with either BH4 or DH4 as a substrate
and was higher with the latter (Fig. 1B), as demonstrated with
the recombinant protein of DicDHPR [18]. Compared toWT, DHPR
was poor in spore viability (Fig. 1C) and was more susceptible to
oxidative stress (Fig. 1D). In order to conﬁrm impaired tetrahy-
dropteridine regeneration the relative amounts of oxidized (dihy-
dro) and reduced (tetrahydro) forms of both biopterin and
dictyopterin were determined in the WT and DHPR cells. Com-
pared to those in WT, BH2 and dihydrodictyopterin (DH2) levels
were increased obviously in DHPR (Fig. 2A) while BH4 and DH4
levels were decreased (Fig. 2B). In the absence of DicDHPR, BH2
and DH2 must have been accumulated from their quinonoid forms,0.0
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Fig. 1. Identiﬁcation and characterization of the DHPR knockout mutant. (A) PCR ampliﬁ
DHPR activity in the crude extracts of WT and DHPR cells measured with either BH4 or D
oxidative stress. Cells were grown in the presence of H2O2 for 24 h and counted for viabdemonstrating the involvement of DicDHPR in the regeneration of
both BH4 and DH4 in vivo.
3.2. Preferential cofactor function of BH4
The increase of oxidized forms inDHPR (Fig. 2A)must have been
resulted from the use of the tetrahydro forms as an antioxidant and/
or cofactor. As we could not ﬁnd preferential increase of either BH2
or DH2 in the WT and DHPR cells grown in the presence of H2O2
(Supplementary data Fig. 1), we explored the possibility of preferen-
tial use as a cofactor for PAH. DicPAH was augmented in DHPR by
extrachromosoml expression of the gene. The pteridines deter-
mined in the createdDHPR[PAH+]were astonishing: all of biopterin
was found as BH2, while DH2 remained at the similar level
(Fig. 2A,B). AlthoughBH2 is an inactive form, theremaybeadynamic
interconversion between BH4 and BH2 in the conditions of DHPR
deﬁciency and high PAH expression. BH4may be consumed rapidly
by PAH just after being regenerated from BH2 by DHFR, which is
well-known to catalyze the reduction in mammalian cells [1,3].
Therefore, it was expected that BH2 may be increased further in
the demanding conditions for endogenous supply of tyrosine from
phenylalanine.
In order to verify the expectation the cells were grown in the
chemically deﬁned FM medium, which contains phenylalanine
but not tyrosine, andmeasured for cell proliferation and pteridines.
Dictyostelium is deﬁcient in tyrosine biosynthesis, as evidenced by
the biochemical pathways in the Dictybase (http://dictybase.org).
In contrast to the normal growth comparable to WT in HL5 med-
ium (data not shown), DHPR grew poorly in FM medium and
DHPR[PAH+] partially recovered the WT growth (Fig. 3), conﬁrm-
ing PAH activity-dependent proliferation of the cells. Even in WT
cells BH2 level was increased remarkably, while DH2 level was0.00 0.05 0.10 0.15 0.20
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cation of DHPR gene from the genomic DNAs of wild type (WT) and DHPR cells. (B)
H4 as a cofactor. (C) Spore viability measured after germination. (D) Susceptibility to
le ones using Trypan blue.
Fig. 2. Pteridines determined from the cells in different culture media. The cells were grown in either HL5 medium (A, B) or FM medium (C, D) and determined for the
oxidized and reduced forms of biopterin (black) and dictyopterin (gray).
Fig. 3. Vegetative growth in FM medium. The cells equivalent to 0.1  106 cells
were grown in FM medium and the growth was measured by counting cells using
hemacytometer. The growth curves were representative ones from several inde-
pendent experiments.
3050 H.L. Kim et al. / FEBS Letters 585 (2011) 3047–3051not (Fig. 2C). BH4 disappeared completely in DHPR as well as in
DHPR[PAH+] (Fig. 2D). DH2 level was also increased more in both
DHPR and DHPR[PAH+] (Fig. 2C). Therefore, the results supported
strongly that BH4 is a preferential cofactor for DicPAH, although
DH4 may be used when BH4 level is not sufﬁcient.
3.3. Functional role of DHFR
There was little difference between WT and DHPR in the total
amount of biopterin (BH4+BH2), while that of dictyopterin
(DH4+DH2) was decreased signiﬁcantly in DHPR (Fig. 2). The de-
creased amount of DH4 was exceedingly higher than the increased
amount of DH2. In the absence of DHPR the accumulating q-DH2
will be converted to DH2 and then recycled to DH4 by DHFR. We
suspected that if Dictyostelium DHFR (DicDHFR), which shares
20.9% identity with the human enzyme, has substrate discrimina-
tion against DH2, DH2 might be decomposed rather than being
recycled back. Because DH2 is not available commercially, we
examined if a speciﬁc DHFR inhibitor methothrexate (MTX) affectsDH4 level in vivo. In order to ensure the inhibitory action of MTX,
Dictyostelium cell extract was assayed with dihydrofolate in the
presence of MTX (Supplementary data Fig. 2). The IC50 for MTX
was about 50 nM, which is comparable to 1 nM determined from
mammalian enzymes [19]. The cells grown in the absence or pres-
ence of MTX were measured for intracellular pteridines (Fig. 4).
BH2 level was increased remarkably by MTX inWT (Fig. 4A) as well
as in DHPR (Fig. 4B). MTX also increased DH2 level in both
(Fig. 4C,D), but not as much as BH2 level, as if DHFR preferred
BH2 to DH2 as a substrate. However, DH4 level was also decreased
drastically by MTX in both WT and DHPR, disproving the putative
substrate discrimination of DicDHFR against DH2. The result there-
fore established that DHFR also involves in the regeneration of DH4
as well as BH4.
It became clear again that there was a preferential disappear-
ance of DH2, when DHPR or/and DHFR was deﬁcient (Figs. 2 and
4). Although it remains unclear how DH2 disappears, we found
that the preferential disappearance of DH2might have a physiolog-
ical signiﬁcance of maintaining BH4 level, as discussed below.
4. Discussion
Our results conclude that BH4 may be functionally distinguish-
able from DH4 in vivo: BH4 as a preferential cofactor for PAH,
while DH4 as an antioxidant. Preferential accumulation of BH2
was induced by augmented PAH activity (Fig. 2) but not by oxida-
tive stress (Supplementary data Fig. 1). Both DicDHPR and Dic-
DHFR exhibited no substrate discrimination (Figs. 1B, 2 and 4).
Our conclusion, however, may not be compatible with the
in vitro study that recombinant DicPAH has a higher catalytic efﬁ-
ciency with DH4 than with BH4 as a cofactor [8]. This study also
establish the regeneration pathway of BH4 and DH4 constituted
by DHPR and DHFR in Dictyostelium (Figs. 1, 2 and 4), and its func-
tional roles to maintain PAH activity (Fig. 2) and to provide protec-
tion against oxidative stress (Fig. 1C,D).
The preferential loss of DH2 observed in the cells defective in
the regeneration pathway (Figs. 2 and 4) might be due to its
decomposition. The chromatograms of DHPR cells, however, did
not show any prominent peak except biopterin and dictyopterin,
while the mixture of DH4 and H2O2 exhibited a progressive in-
Fig. 4. Effect of methotrexate on pteridine production. The oxidized and reduced forms of pteridines were determined from the cells grown in HL5 medium in the absence
(dark) or presence (gray) of 10 lM MTX for 1 h.
H.L. Kim et al. / FEBS Letters 585 (2011) 3047–3051 3051crease of pterin (data not shown). DH2 metabolism should be stud-
ied in the future. Nevertheless, the putative preferential decompo-
sition of DH2 may be justiﬁed, if BH4 is a preferential cofactor for
DicPAH in vivo (Fig. 2), or vice versa. Scrutinizing the data in Fig. 2
and Fig. 4, we found that BH2 level became higher than DH2 level
(Supplementary Table 1). If all the decreased amounts of DH4 re-
mained as DH2, DH2 level would have been increased to more than
10-fold of the BH2 level. Because they have to compete for the
same enzyme DicDHFR, the higher the ratio of BH2 to DH2, BH2
may be given a greater chance of being recycled to BH4. Under
physiological stress conditions, such as oxidative stress, cells may
generate oxidized forms to a level that can’t be managed properly
by the regeneration enzymes. If PAH is essential for Dictyostelium
growth (Fig. 3), BH4 level should be maintained at the expense of
DH4, which is quantitatively dominant over BH4 in the organism.
Dictyostelium might have evolved a strategy to expend DH4 as a
disposable antioxidant in order to save the valuable BH4 via the
regeneration pathway.
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